This paper evaluates the economic feasibility of biohydrogen production via two bio-oil processing pathways: bio-oil gasification and bio-oil reforming. Both pathways employ fast pyrolysis to produce bio-oil from biomass stock. The two pathways are modeled using Aspen PlusÂ® for a 2000 t d-1 facility. Equipment sizing and cost calculations are based on Aspen Economic EvaluationÂ® software. Biohydrogen production capacity at the facility is 147 t d-1 for the bio-oil gasification pathway and 160 t d-1 for the bio-oil reforming pathway. The biomass-to-fuel energy efficiencies are 47% and 84% for the bio-oil gasification and bio-oil reforming pathways, respectively. Total capital investment (TCI) is 435 million dollars for the bio-oil gasification pathway and is 333 million dollars for the bio-oil reforming pathway. Internal rates of return (IRR) are 8.4% and 18.6% for facilities employing the bio-oil gasification and bio-oil reforming pathways, respectively. Sensitivity analysis demonstrates that biohydrogen price, biohydrogen yield, fixed capital investment (FCI), bio-oil yield, and biomass cost have the greatest impacts on facility IRR. Monte-Carlo analysis shows that biooil reforming is more economically attractive than bio-oil gasification for biohydrogen production.
Introduction

24
Growing concerns over greenhouse gas (GHG) emission from the combustion of 25 fossil fuels have prompted interest in the production of hydrogen from biorenewable 26 sources (biohydrogen). Unlike conventional hydrogen, which is produced from fossil 27 fuel feedstocks such as natural gas, biohydrogen is a "carbon-neutral" product in that 28 GHGs emitted during its combustion are offset by those sequestered during the 29 biomass feedstock growth cycle. Biohydrogen can replace fossil fuel-based 30 hydrogen in the refining, petrochemical, food, and electronics industries [1] .
31
Currently hydrogen is an important input in the upgrading of heavy petroleum 32 fractions to high-value products such as gasoline and diesel fuel. U.S. petroleum 33 production is expected to steadily increase over the next two decades as 34 unconventional petroleum sources such as oil shale and tar sands come online [2] .
35
These unconventional sources are frequently heavier than conventional sources and 36 require additional hydroprocessing prior to refining into gasoline and diesel fuel.
37
When the necessary hydrogen is derived from fossil fuel sources, the lifecycle GHG 38 emissions for these products increase substantially relative to those for products commercial-scale production of biohydrogen [3] . While the production of 46 biohydrogen via direct gasification of biomass is technically feasible [4] [5] [6] [7] [8] [9] , the low 47 bulk density of the biomass feedstock results in a high feedstock cost [10] . In 48 addition, bio-oil is cleaner than the biomass feedstock because many of the minerals 49 and metals found in the latter are concentrated in the product char, which is 50 separated from the product biohydrogen [11] . For these reasons bio-oil produced via 51 biomass fast pyrolysis is a promising feedstock for biohydrogen production. 
Process design
83
This study simulates two separate scenarios for biohydrogen production via bio-oil 84 processing: bio-oil gasification and bio-oil reforming (see Figure 1 and Figure 2 ).
85
Both scenarios employ fast pyrolysis to produce bio-oil from a biomass feedstock.
86
The gasification and fast pyrolysis models used in this study are based on models conjunction with data on bio-oil and non-condensable gases obtained from a 101 previous pyrolysis-based biofuels production techno-economic analysis (see Table 2 )
102
[38]. In the combustion area the non-condensable gases (NCGs) and a fraction of the In the first scenario, gasification technology is employed to produce syngas from 110 bio-oil (see Figure 3 ). Bio-oil and that part of the char that is not combusted to heat Table 3 ) [42] . A 
167
The solids disposal cost and waste water disposal cost are based on the NREL 168 gasification design report [36] . In addition to the above variable operating costs,
169
fixed operating costs including labor salaries, overhead, maintenance, insurances and 170 taxes estimated. Maintenance and insurance costs are assumed to be 1.5% and 2%
171
of total fixed capital investment. Labor salaries are adapted from the NREL report 172 [36] . Overhead is assumed to be 60% of labor costs.
173
A discounted cash flow rate of return (DCFROR) spreadsheet is employed to 174 determine the facility internal rate of return (IRR). 
Results
178
Bio-oil yield for a 2000 MTPD corn stover fast pyrolysis facility is calculated to be total indirect cost, and project contingency (see Table 4 ). The installed equipment 190 cost for the bio-oil gasification facility is greater than that of bio-oil reforming 191 facility, which contributes to the $101 million difference in TCI for the two facilities.
192
Detailed capital costs for the two scenarios are shown in Table 7 . Table 3 ). In both scenarios the feedstock cost is the largest contributor to between a 500 MTPD facility and a 10000 MTPD facility is 17.6% and 29.7% for 236 bio-oil reforming and bio-oil gasification, respectively.
237
The results of a sensitivity analysis for both the gasification and reforming pathways biomass cost (see Figure 8 and Figure 9 ). expected value of the mean facility IRR is 17.9% and the standard deviation is 5.0%.
273
The minimum IRR is 2.9% and the maximum IRR is 36.5%. The median, 25%
274 quartile, and 75% quartile facility IRRs are 14.5%, 17.9% and 21.4%, respectively.
275
For the cumulative probability distribution of the facility IRR, more than 94% of 276 facilities in the analysis have IRRs exceeding 10% and 34% of facilities will have
277
IRRs exceeding 20% (see Figure 11 ). 
